[1] We employ the classical problem of an inclusion in an elastic half-space to model effects of sub-surface serpentinization on crustal deformation, change of stress state, and surface uplift. At the TAG hydrothermal field on the Mid-Atlantic Ridge, the model suggests that an anomalous salient 3 km in diameter and 100 m high that projects 3.5 km westward from the east valley wall may have resulted from a relatively deep-seated well-serpentinized body exhibiting transformational strain. The associated large strains would likely result in sub-surface fracturing or faulting, but surface uplift may be relatively insensitive to the exact depth and shape of the serpentinized region. Serpentinization of a region beneath the footwall of the TAG detachment fault will tend to promote slip along some overlying normal faults, which may then enhance fluid pathways to the deeper crust to continue the serpentinization process. Our solution for the Miyazaki Plain above the Kyushu-Palau subduction zone in SW Japan explains the observed uplift of ≈120 m. The small transformational strains associated with serpentinization in this region may promote thrust-type events in the aseismic slip zone near the upper boundary of the subducting Philippine Sea Plate as well as intraplate earthquakes associated with normal faulting. The rate of serpentinization needed to produce the observed uplift at the Miyazaki Plain is significantly greater than that needed at TAG, though significantly smaller on per unit volume basis. Thermal effects of serpentinization in both regions appear to be small, but uplift data provide an additional constraint on inferring serpentinization from geological and seismological observations. Citation: Germanovich, L. N., G. Genc, R. P. Lowell, and P. A. Rona (2012), Deformation and surface uplift associated with serpentinization at mid-ocean ridges and subduction zones,
Introduction
[2] Serpentinization is a term describing a number of exothermic olivine hydrolysis reactions that occur when seawater reacts with ultramafic rocks and the primary minerals olivine and pyroxene are replaced by serpentine [Fyfe and Londsale, 1981; Macdonald and Fyfe, 1985; Allen and Seyfried, 2004] . All of these reactions, which typically occur between 100 and 500 C [Cannat et al., 1992; Früh-Green et al., 1996; Mével and Stamoudi, 1996; Agrinier et al., 1997] , are exothermic releasing about 290 kJ/kg [Fyfe and Londsale, 1981; Macdonald and Fyfe, 1985] . In addition to releasing heat, serpentinization generally results in volume expansion ranging between 25% and 53% [Coleman, 1971; O'Hanley, 1992] .
[3] Both geologic and geophysical data suggest that partially serpentinized peridotites and serpentinites are a significant part of the oceanic lithosphere especially that formed at slow-spreading ridges [e.g., Rona et al., 1987; Carlson and Miller, 1997; Escartin et al., 2001] . Serpentinization is observed in outcrops at ridge offsets, preferentially at inside corner highs [Dick, 1989; Tucholke and Lin, 1994; Cannat et al., 1995] , along ridge segments accreting with low magma supply [Cannat et al., 1997; Escartin and Cannat, 1999] , in upper mantle portions of ophiolites [Bonatti, 1976; Bonatti and Hamlyn, 1981; Nicolas, 1989; Cannat, 1993] , and in cores recovered from shallow mantle of ocean ridges by the Ocean Drilling Program [Gillis et al., 1993; Früh-Green et al., 1996; Karson and Lawrence, 1997] .
[4] Serpentinization is also important in other submarine settings such as rifted margins [e.g., Reston, 2009] , the ocean-continent transition zone [e.g., Skelton and Jakobsson, 2007] , and subduction zones [e.g., Faccenda et al., 2008; Tahara et al., 2008; Hilairet and Reynard, 2009] . The relationships between slow earthquakes and aseismic slip [Hirauchi et al., 2010] and the serpentine mud volcanoes of the Mariana forearc, where fluids exsolved from the downgoing slab serpentinize the overlying mantle and ascend to 1 the surface through faults, are of particular interest in this context [e.g., Fryer and Mottl, 1992; Fryer, 1996a Fryer, , 1996b Mottl et al., 2003; Wheat et al., 2008] .
[5] Mounting evidence indicates that serpentinization plays a role in structural deformation and uplift at mid-oceanic ridges where it is commonly associated with the formation of oceanic core complexes and detachment faults [e.g., Francis, 1981; Zonenshain et al., 1989; Bougault et al., 1993; Cann et al., 1997; Tucholke et al., 1998; Escartin et al., 1997b Escartin et al., , 2001 Blackman et al., 2002; Mével, 2003; Boschi et al., 2006; Ildefonse et al., 2007; MacLeod et al., 2009; Miranda and Dilek, 2010] . The connection between serpentinization and tectonics is complicated; however, some simple conceptual models exist. For example, Dziak et al. [2000] , based on the interpretation of seismic data, suggested that the uplift of the Blanco Ridge is caused by serpentinized peridotite diapirs. Francis [1981] proposed the concept of serpentinization fault; that is, a fault triggered, induced, or affected by stress changes in a crustal region undergoing serpentinization and corresponding volumetric expansion. One of his scenarios, shown in Figure 1a , although not quantified, is partially consistent with the uplift observed at inside corner highs at ridge-transform intersections, though some of the uplift may be dynamically driven [Tucholke and Lin, 1994; Tucholke et al., 1998 ].
[6] Palmer [1996] was among the first to develop a model of uplift assuming a characteristic volume expansion of 46% [Coleman, 1971; O'Hanley, 1992] of fully serpentinized peridotite and taking into account the changes in the density of oceanic crust. In his model, serpentinization occurs in a 1-D layer that expands causing the uplift. Although Palmer's [1996] conclusion that the tectonics of slow-spreading ridges and their topography might result from serpentinization, in his 1-D model surface topography simply mimics the subsurface geometry of the serpentinized layer (Figure 1b) .
[7] This model cannot be used to construct the 2-D features proposed by Dziak et al. [2000] or Francis [1981] ( Figure 1a) ; or the more complex 3-D geomorphic features that might be attributed to subsurface serpentinization-driven deformations. For example, Zonenshain et al. [1989] , investigating tectonics of the Mid-Atlantic ridge, suggested that the serpentinization leads not only to narrow serpentinized protrusions along fault planes, but also embraces relatively wide areas beneath the crust and induces uplift of large crustal blocks above the serpentinized layer. They argue that rift mountains and abnormal rift valley slopes are surface expressions that result from the serpentinization of mantle peridotite.
[8] As a particular case, a component of deformation at the TAG hydrothermal field may have been produced by volumetric expansion caused by serpentinization superimposed on a complex detachment fault structure. The central portion of the walls of the axial valley of spreading segments on slow-spreading ocean ridges is generally straight. In contrast, the central portion of the east wall of the axial valley, where some of the hydrothermal zones in the TAG field occur, exhibits an anomalous bulge about 6 km long between 26 08.0′N and 26 11.0′N that includes a salient centered at 26 08.3′N that projects about 3.5 km westward over the valley floor (Figure 2 ). The salient is bounded by the 3725 m (base) and 3625 m (top) isobaths and exhibits dome-shaped relief of about 100 m with a diameter of about 3000 m. deMartin et al. [2007] report two distinct clusters of microseismicity at depths of $2-5 km below the seafloor with composite focal mechanisms consistent with normal faulting. One cluster conforms to the western edge of the bulge including the salient [deMartin et al., 2007, Figure 1A] . The second cluster is aligned with the axial valley axis (23 N) where the bulge intersects the east wall. The eastern wall including the bulge is underlain at depths below 1 km by a high-velocity anomaly (seismic velocity exceeding 6.5 km/s), which according to deMartin et al. [2007] , is indicative of "the presence of lower crustal and/or lower serpentinized upper mantle rocks at anomalously shallow depths." They report that the velocity anomaly dips westward toward the spreading axis at an angle of about 20
and passes under the active high-temperature TAG sulfide mound at a depth of $1 km. They interpret these and related observations to support the existence of a major detachment fault in the east wall that projects up to ≈7 km downward . The detachment fault may be a conduit for the flow of water into the upper mantle where serpentinization occurs. Boron levels in high-temperature hydrothermal fluids sampled from the TAG active sulfide mound (Figure 2 ) are lower than in seawater indicating ongoing uptake of boron [after Francis, 1981] . Rocks beneath the footwall of a normal fault hydrate as a result of seawater infiltrating down the fault, so that serpentinization occurs generating more movement on the fault and uplift [Francis, 1981] . (b) Cartoon of 1-D uplift resulting from serpentinization of oceanic crust [after Palmer, 1996] .
by underlying serpentinization reactions [Palmer, 1996] . The salient and larger bulge may be a surface expression of deformation produced by a volume of serpentinized mantle located in the footwall beneath the hanging wall of the detachment fault [Zonenshain et al., 1989; Rona, 2008] . In this paper, we develop a model showing that at least the anomalous salient in the east wall, if not the entire bulge, may be produced by expansion of an underlying volume of serpentinized mantle.
[9] Serpentinization of the mantle wedge near subduction zones [e.g., Hyndman et al., 1997] can also result in deformation and uplift. For example, serpentinization of the mantle wedge near the subducted Kyushu-Palau Ridge may be related to the inferred regions of aseismic slip beneath the Kyushu region of Southwestern Japan [Yagi and Kikuchi, 2003] and to the crustal uplift of $10 2 m of the overlying Miyazaki Plain during the past $1.2 Â 10 5 years [Nagaoka et al., 1991; Tahara et al., 2008] . From seismic tomography data, Tahara et al. [2008] and Saiga et al. [2010] infer the existence of a region of low seismic velocity and high Poisson's ratio (Figures 3a and 3b ) that may be associated with serpentinization near the subducted Kyushu-Palau Ridge. Saiga et al. [2010] depict this region as a quasielliptical inclined domain at a depth of 20-40 km beneath the Miyazaki Plain (Figure 3b ). In addition, they show another sub-horizontal, quasi-elliptical region of low seismic velocity and near-normal Poisson's ratio (Figure 3b ). Both Tahara et al. [2008] and Saiga et al. [2010] hypothesized that this sub-horizontal region denotes a zone of low-density buoyant material associated with subduction of the Kyushu-Palau Ridge, which may contribute to uplift of Kyushu Mountains. Tahara et al. [2008] proposed a similar mechanism for the Quaternary uplift of the Miyazaki Plain. In principal, buoyancy associated with a relatively low density of serpentinized material may certainly contribute to the crustal uplift, but we suggest that volume expansion resulting from incremental serpentinization of both of these regions could also result in the observed uplift of the Miyazaki Plain and Kyushu Mountains.
[10] The 2-D and 3-D deformations described above that may result from serpentinization beneath the seafloor will also lead to large strains in the neighborhood of region undergoing serpentinization. Such large strains are likely to result in faulting or tensile fracturing that would be difficult to account for in the 1-D model developed by Palmer [1996] . Moreover, these processes are likely to be important for promoting the serpentinization process by creating new permeability and allowing fluid access to fresh peridotite. To explore these issues, we consider a first-order model of crustal deformation and seafloor uplift resulting from volume expansion associated with the subsurface serpentinization. We employ a classic problem of an inclusion undergoing transformation strain in an elastic half-space. For simplicity, we assume that the transformation strain does not change elastic moduli in the inclusion. Using solutions of such problems for inclusions of different shapes, orientations and depths, we calculate the seafloor uplift. We discuss the topographic features at the TAG hydrothermal field and uplift of the Miyazaki Plain and Kyushu Mountains as examples.
[11] The importance of our analyses stems from treating the stress and strain effects resulting from serpentinization Tahara et al., 2008] . The land region is shown by gray, bold line in the figures on the right. Based on these and other cross-sections, regions with high Poisson's ratio (≥0.3 -yellow and red colors) were interpreted by Tahara et al. [2008] as quasi-elliptical, serpentinized domains similar to regions A and B in Figure 3b . Intersection of lines R-R′ and B-B′ is on the Miyazaki Plain. Red triangles show the active volcanoes. Circles indicate inter-plate earthquakes (see details in Tahara et al. [2008] ). Gray vertical arrows indicate the aseismic crustal uplift. (b) Vertical cross-sections (left) located approximately along the line of R-R′ (top left) in Figure 3a and along a parallel line displaced ≈20 km north (bottom left) [modified after Saiga et al., 2010] . Horizontal cross-section (right) is located at the depth of 30 km [also after Saiga et al., 2010] . Colors represent the ratio of P-and S-wave velocities, V p /V s , which is related to the Poisson's ratio [e.g., Mavko et al., 2003 ]. Gray rectangle above the vertical cross-section panel shows Kyushu Mountains. Ellipses represent regions with low velocity and low/moderate (black dashed line A) or high (black dashed line B) V p /V s ratio (see details in Saiga et al. [2010] ). White circles indicate earthquake locations in the Philippine Sea Plate that converges under the Eurasia Plate.
as an isolated process. We apply these results to the TAG hydrothermal field and the Miyazaki Plain in Southwestern Japan and discuss possible connections between serpentinization and fault slip. A detailed analysis of the connection between serpentinization, microseismicity, and faulting in a region of large serpentinization strain that may be associated with the observed topographic salient at TAG is beyond the scope of this paper. We show, however, that serpentinization beneath the footwall of the detachment fault at TAG may enhance fault slip on the overlying normal faults. For the smaller strains that explain the uplift of the Miyazaki Plain, we show that serpentinization will tend to promote thrusttype events in some parts of the slip zone located near the upper boundary of the subducting Philippine Sea Plate underneath the Miyazaki Plain. Finally, we show that the rate of serpentinization needed to account for the uplift at TAG is likely too small to drive hydrothermal flow. The rate of serpentinization needed to produce the observed uplift at the Miyazaki Plain is significantly greater than that needed at TAG, though significantly smaller on per unit volume basis. As a result, the effects of serpentinization on the thermal regime in forearc wedge beneath the Miyazaki Plain may be small.
Scaling of Seafloor Uplift
[12] To incorporate two-or three-dimensional effects, we consider strain resulting from large-scale serpentinization based on the problem for an inclusion in the elastic halfspace. The inclusion experiences homogeneous transformation strain (similar to homogeneous heating), ɛ 0 , which is the homogeneous volumetric strain when the inclusion is allowed to expand freely. The physical nature of the transformation strain is attributed to the volumetric expansion resulting from the serpentinization reactions. Consider, for example, an inclusion of a given shape and volume V with a point, designated as the inclusion center, at the depth of h ( Figure 4a ). As a result of homogeneous serpentinization, the inclusion volume increases while its shape does not change. In a linearly elastic body, all displacements and stresses are proportional to the "loading" parameter, ɛ 0 . In particular, the greatest vertical displacement on the seafloor, w 0 , is also proportional to ɛ 0 . Because the inclusion shape does not change, it can be characterized geometrically by its volume, V, in the 3-D case, and by its vertical cross-sectional area, S, in the 2-D case. Then, dimensional analysis suggests that w 0 is independent of the rock Young's modulus, E, and that in the 3-D case,
where f(n) is the dimensionless function of the Poisson's ratio, n. Table 1 lists symbols used and parameter values. Because the displacement of the half-space surface is given by that of the same plane within a full space, increased by a factor of 4(1 À n) [Mindlin and Cheng, 1950; Davies, 2003] , f(n) in (1) is proportional to 1 + n, which also follows directly from the well-known results for the case of arbitrary 3-D distribution of mismatch strain in an infinite medium [Goodier, 1937; Timoshenko and Goodier, 1970] .
[13] Similarly, dimensional analysis suggests that in the 2-D case,
where g(n) is a dimensionless function of Poisson's ratio, n, and, again, w 0 is independent of the rock Young's modulus, E.
Note that hereafter, we use the same parameter of volumetric transformation strain, ɛ 0 , for both 2-D and 3-D cases. This strain characterizes free 3-D expansion of an unconstrained body and is frequently measured in laboratory experiments. In this work, however, we assume plain strain conditions in the 2-D case, when "free" expansion is constrained in one direction and the volumetric strain is (2/3)(1 + n)ɛ 0 . Since the 
dimensionless functions of Poisson's ratio in equations (1) and (2) h depth of the inclusion center L inclusion size in horizontal direction (perpendicular to the plain of drawing in Figure 9 )
polynomial defined by asymptotic behavior of D(z) at infinity Q mass flow of hydrothermal fluid Q s mass flow of fluid absorbed in serpentinization reactions results are often expressed through the plain-strain, 'free' linear expansion strain d 1 = (1/3)(1 + n)ɛ 0 [e.g., Ru, 1999; Aderogba and Berry, 1971] , it is worth mentioning that in (2) and below, we use the same volumetric, transformation strain, ɛ 0 , as in (1). In this formulation, 2-D and 3-D cases do not differ and, therefore, g(n) in (2) is also proportional to 1 + n. Using d 1 instead of ɛ 0 in (1) and (2) would eliminate their dependence on n, and, therefore, w 0 would be independent of material properties.
[14] As a particular case, consider a spherical inclusion of radius a, with its center at depth h, in the half-space y < 0 as shown in Figure 4a . We use the cylindrical coordinate system (r, y), with horizontal coordinate r replacing the radial coordinate x, and the surface y = 0 represents the seafloor. Assuming that the inclusion lies entirely below the half-space surface (h ≥ a), vertical and radial displacements of the seafloor, can be calculated as [Mindlin and Cheng, 1950; Nowacki, 1986] 
respectively, where w 0 = (1 + n)Vɛ 0 /(3ph 2 ), r = r/h is the normalized radial coordinate, and the inclusion volume V = (4/3)pa 3 . In this case, therefore, f(n) = (1 + n)/(3p).
[15] Figure 4a shows schematically the surface deformation resulting from serpentinization of a spherical volume. Equation (3) suggests that, depending on parameters h (a few km) and V ($ 1-10 km 3 ), maximum surface uplifts range between a few tens and a few hundreds of meters for ɛ 0 $ 0.1 À 0.5. Such projected uplifts are similar to those estimated by Palmer [1996] using a 1-D model. In his model, the vertical displacement of the seafloor is uniform and, if the lateral strain is negligible, equals to
where d is the thickness of the serpentinized layer (Figure 1b ). For d $ 1 km and ɛ 0 ≈ 50%, w P $ 100 m. The horizontal extent of the uplifted area and uplift distribution cannot be estimated from Palmer's [1996] model, however. As discussed below, these are naturally included in the 2-and 3-D models of serpentinized inclusion. In addition, w P is independent of the depth of the serpentinized layer, whereas the uplift caused by a finite domain decreases with the depth according to equations (1) and (2).
[16] In the model of spherical inclusion, w 0 depends upon both the inclusion radius and depth, but the shape of the uplift in (3) is independent of the radius. According to equation (1), the horizontal extent of the uplifted region ( Figure 4a ) can be defined as r = 1, where the vertical displacement becomes 2 À3/2 w 0 ≈ w 0 /2.8. In other words, the uplift "width" scales with the inclusion depth, but is independent of its size (volume).
[17] Let us now consider a cylindrical inclusion of radius a, with the center at a depth of h in a rectangular coordinate system (x, y), with horizontal coordinate x replacing the radial coordinate r in Figure 4a . In this case, the distribution of surface displacements is given by expressions
similar to equation (3) and obtained by integrating the solution of Mindlin and Cheng [1950] for a dilation center in a half-space (see also Appendix A). Here w 0 = 2(1 + n)Sɛ 0 / (3ph), r = x/h is the dimensionless lateral coordinate, and the cross-sectional area of the inclusion S = pa 2 . Hence, g(n) = 2(1 + n)/(3p) in equation (2). As in the case of the spherical inclusion, the maximum of the surface uplift depends on both inclusion size and depth, whereas the shape of the surface uplift is independent of size but scales with the inclusion depth.
[18] The largest vertical displacement on the seafloor for a spherical inclusion is [(1 + n)(2/9)(a/h)] À1 times smaller than for a cylindrical one of the same radius. To place this in context, we plotted the uplift distributions given by equations (3) and (4) in Figure 4b . As expected, serpentinization in an extended cylindrical region would result in larger surface displacement than that resulting from a more compact spherical region.
An Elliptical Inclusion
[19] Although the simple scaling considered above provides some insight into understanding-multidimensional uplift process caused by the subsurface serpentinization, to address the effect of the inclusion shape, one needs solutions for displacements and stresses inside and outside of the inclusion of various shapes. In order to perform a parametric analysis, it is preferable to have closed form solutions. For this purpose, we consider here a half-space containing an inclusion of elliptical shape. This solution is sufficiently general for a wide variety of settings, and it reduces to the simple cylindrical solution above. We will then discuss applications of these solutions to the TAG region on the MidAtlantic Ridge (Figure 2 ) and the Kyushu region above the subducting Philippine Sea plate (Figure 3 ).
[20] To perform the stress-strain analysis for an elliptical inclusion in a half-space, we employ the complex variable technique. The elastic field can be represented by the wellknown expressions [Muskhelishvili, 1979] where s xx , s yy , and t xy are the stress components in (x, y) coordinate set ( Figure 5 ), u and w, are the vertical and horizontal displacements in the half-space, z = x + iy, bars represent complex conjugates, k = 3 À 4n in plain strain conditions, m = E/[2(1 + n) is the shear modulus, n is the Poisson's ratio, and 8(z) and y(z) are the Muskhelishvili's [1979] stress functions. For an inclusion of arbitrary shape undergoing homogeneous transformation strain, ɛ 0 , in an elastic half-space, these functions can be written as [Ru, 1999; Ru et al., 2001] and coefficient
is equal to the absolute value of the mean homogeneous stress, (s xx + s yy )/2, caused by the same transformation strain, ɛ 0 , inside the same inclusion if it were located in the infinite plane. This can be shown by using the corresponding solution for the 2-D Eshelby inclusion [e.g., Jaswon and Bhargava, 1961] or directly from equations (5), (6), (7), and (11) as the inclusion depth h → ∞.
[21] In equations (6)- (8), z = w(z) is conformal mapping of the region outside the inclusion in the infinite complex plane z = x + iy onto the exterior of the unit circle, | z | = 1, on the infinite complex plane z = x + ih, w À1 (z) is the inverse function of w(z), and P(z) is the polynomial of finite degree defined from the asymptotic behavior D(z) = P(z) + o(1) (z → ∞) of D(z) at infinity. This means that w(z) cannot be arbitrary but should result in function D(z), defined by equation (8), with such a property. Specifically, function D(z) should be analytic everywhere in the exterior of the inclusion except, perhaps, at infinity where it has a pole of finite degree [Ru, 1999] . Such functions w(z) describe a rather broad class of domains, which includes inclusions of elliptical or more general shapes (see Appendix B).
[22] Because P(z) is obtained directly from D(z), the advantage of Ru's [1999] representation (6)- (8) is that two unknown functions, 8(z) and y(z), are expressed through one auxiliary function D(z). In addition, the same mapping w(z) is used for the problem of an inclusion in the infinite plane and in the semi-plane. Choosing function D(z) in the form of (8) guarantees that stress functions (6), (7) result in continuous tractions and displacements on the interface between the inclusion and host medium. These functions also satisfy the boundary conditions of zero tractions on the free half-space boundary [Ru, 1999] .
[23] Inclusion shape and functions D(z) and P(z) are fully defined by the conformal mapping w(z). Once functions D(z) and P(z) are found, the stress state and displacements are computed using equation (5). Using mapping Ru [1999] obtained these functions for an elliptical inclusion with one axis parallel to the half-space boundary and its center located at depth h on the coordinate axis (i.e., when b = 0 in Figure 5 ). If the inclusion is inclined ( Figure 5 ) and the angle between the inclusion and x-axis is b, the function w(z) and its inverse w À1 (z) can be written as (Appendix B)
Hereafter, a and b are the major and minor ellipse semiaxes, respectively. In the case of (10) (Appendix B),
Since functions D(z), P(z) are known from expressions in (11), stresses and displacements everywhere in the halfspace and inclusion can now be computed using equations (5), (6), and (7). Taking into account that z = z = x on the surface y = 0 of the half-space y < 0, we obtain (Appendix B) the serpentinization-induced displacements
Figure 5. A model of elliptical domain of subsurface serpentinization. The domain is located in the half-space y ≤ 0, À∞ < x < ∞ and the major ellipse axis is aligned with coordinate axis, X, in rotated coordinate set X, Y.
and stresses
on the seafloor. Here
Stresses s yy = t xy = 0 are the boundary conditions on the half plane boundary. Note that the quantity in brackets in (13) is real because it is the sum of two conjugate complex numbers.
[24] When a 2 À b 2 ≪ h 2 , the fraction term under the square root in equation (14) is small, and (12) reduces to equation (4) for a cylindrical inclusion, except now S = pab is the crosssectional area of the elliptical inclusion. This shows that when b → a, equation (4) is recovered from equations (12) and (14) as a particular case. This also shows that for a deep inclusion (h → ∞ or h ≫ a), the uplift is independent of the inclusion orientation and aspect ratio, but is only affected by its volume (or area), where material is transformed by serpentinization. Furthermore, because the Mindlin and Cheng's [1950] solution for the dilation center in a halfspace can be used as a Green's function, such a deep inclusion does not need to be elliptical, but can be of arbitrary shape that has cross-sectional area S, and equation (4) are still applicable to describe the surface deformation. Likewise, stress s xx at the seafloor in (13) is also independent of inclusion shape for a sufficiently deep inclusion. In this case, s xx is the same as that for a circular inclusion of the same cross-sectional area S or for the corresponding point (linear) source of dilation.
Uplift Resulting From Subsurface Serpentinization

Effects of Depth and Shape of Serpentinized Domain
[25] To understand possible effects of subsurface serpentinization on the seafloor uplift, we plotted the distribution of the surface displacements when the serpentinized domain with aspect ratio a/b = 5 is located at the depth of h/a = 1.5 and inclined at the angle of b = 20 to the horizontal (solid bold lines in Figure 6 ). For comparison, we also plotted the seafloor displacements that would be caused by a circular region of the same area S as an ellipse and located at the same depth h (dashed lines in Figure 6 ). Hereafter in this section, displacements are normalized by the maximum vertical uplift w 0 = 2(1 + n)Sɛ 0 /(3ph) that would be caused by the circular domain (or dilational source) while coordinates are normalized by the inclusion depth.
[26] Because the elliptical domain is inclined in this example, the vertical uplift (bold blue, solid line in Figure 6 ) is asymmetric. Neither vertical nor horizontal displacements, however, differ significantly for the cases of elliptical and circular inclusions. This means that the asymptotic approximation of large depth (h ≫ a) is applicable even for a relatively shallow inclusion (h/a = 1.5 in Figure 6 ). Because the asymptotic solutions corresponding to large depth do not include the inclusion angle (equation (4)), however, this also means that the uplift is relatively insensitive to the angle. In the case of a vertical inclusion of the same aspect ratio (a/b = 5) and depth (thin solid lines in Figure 6 ), the distance, h À a, between the upper end of the vertical inclusion and the seafloor is only 25% of the inclusion size, 2a. Even in this relatively extreme case, the uplift generated by the vertical inclusion differs from that resulting from a circular inclusion of the same volume by no more than by 20%; and even this difference is only noticeable directly above the top of the inclusion (Figure 6 ).
[27] Figure 7a shows vertical displacements generated by inclusions with h/a = 1.8. The uplifts caused by the inclusions of three different inclinations (0, 45 , and 90 ) do not differ from the case of equivalent circular domain by more than 7%. This does not mean that the difference cannot be more significant, however. An example for a/b = 10, h/a = 0.4, and b = 10 is shown in Figure 7b . In this case, the approximation by an equal-area inclusion (shown on the inset) may not be sufficiently accurate as the difference compared to the exact solution (ellipse on the inset in Figure 7b ) can be nearly 100%. In general, from a practical standpoint, the uplift caused by an elliptical inclusion deviates from a circular inclusion when h/(2a) < 0.75, and the difference becomes more significant (50% or more) when h/(2a) is less than 0.5.
Application to TAG
[28] Figure 2 shows the central portion of the east wall of the axial valley at the TAG hydrothermal field (Mid-Atlantic Ridge). The rounded area centered near 26 08.7′N, 44 49.6′W exhibits an anomalous salient that projects about 3.5 km westward into the axial valley. The salient encompasses a domed area about 3 km in diameter (Figure 2 ) bounded by the 3725 m and 3625 m isobaths thus indicating a relief of about 100 m. We hypothesize that the observed salient may be a result of serpentinization of a crustal region and determine the volume and the depth of this region that would be consistent with the observed uplift (Figure 2) .
[29] We use equation (3) for a sub-surface spherical inclusion to model the TAG salient ( Figure 2 ). As in 2-D case, it can be shown that uplift resulting from a deep 3-D inclusion (h ≫ a) is independent of the inclusion shape and is only affected by its volume. In other words, such a deep inclusion need not be spherical, but can be of arbitrary shape with the same volume V, and equation (3) still adequately describe the surface deformation. Furthermore, as shown in the previous section, the asymptotic approximation of large depth (h ≫ a) is applicable in 2-D even for h/a = 1.5 (or h/(2a) = 0.75). Because the interaction between the inclusion and the surface is weaker in 3-D than in 2-D, the solution (3) for large depth is applicable even for shallower inclusions.
[30] According to equation (3), the horizontal extent of the uplifted region scales with the inclusion depth. Hence, the 3.5-km-wide TAG salient could have resulted from serpentinization in a region centered at a depth of 1.5 to 2.5 km. The red dashed lines in Figure 8 show the distribution of vertical uplift resulting from partial serpentinization, ɛ 0 = 20%, in a volume V = 25 km 3 centered at a depth of h = 2.5 km. The radius of a spherical inclusion corresponding to this volume would be a = 1.8 km (red dashed line in the inset in Figure 8a ), but the inclusion does not need to be spherical because in this case h/a = 1.4, and the asymptotic expression (3) is sufficiently accurate (and, in-fact, more accurate than in 2-D case). The blue solid lines in Figure 8 show uplift resulting from more complete serpentinization, ɛ 0 = 40%, in a smaller volume, V = 5 km 3 , centered at a depth of h = 1.6 km. The corresponding equivalent spherical domain has a radius a = 1.1 km, and the ratio h/a = 1.5 indicates again that, within limits, the domain can be of arbitrary shape.
[31] For example, suppose that a 3-D elliptically shaped inclusion, considered in 2-D in Section 4.1 (a/b = 5, h/a = 1.5, b = 20 ) (Figure 5 ), is located on the footwall side of the TAG detachment fault (Section 2), where gabbro outcrop (Figure 2a ) [Zonenshain et al., 1989] and seismic data suggests the presence of lower crustal and/or serpentinized upper mantle rocks at anomalously shallow depths Canales et al., 2007] . In this case, the inclusion dimensions could be 2a = 4 km and 2b = 0.8 km (V = pa 2 b = 5 km 3 ). If the inclusion center were located at the depth of h = 1.6 km, the salient topography would again be given by the blue solid lines in Figure 8 and would be reasonably close to the observed topography (Figure 2) .
[32] Based on structural observations and seismic and magnetic data, a detachment fault is present in the wall of the axial valley along the eastern margin of the salient. The fault consists of roughly two segments. The shallow segment is inclined at ≈20 and the deep part of the fault has an angle of ≈70 . The salient is underlain by the shallow part of the fault at a depth of $2 km. The detachment fault may be a conduit for the flow of water into the mantle rock where serpentinization occurs. Our model suggests that the observed salient may have been produced by serpentinization of upper mantle peridotite rocks that were displaced by faulting to a relatively shallow depth of $2 km. As Figure 7 indicates, serpentinization of 5 to 25 km 3 located beneath the footwall of the TAG detachment fault would be consistent with the existence of the salient on the seafloor.
[33] It is important to mention, however, that 20 to 40% of transformation strain would most likely be beyond the elastic limit of serpentinized rock [Jaeger et al., 2007] . Hence, plots in Figure 8 probably correspond to the lower limit of the expected seafloor deformation. After serpentinization begins, multiple faulting and fracturing events would probably occur at a transformation strain of several percent (or less), which is much lower than the 40% volume expansion corresponding to massive serpentinization. Such events may occur both inside and outside the serpentinized region and thus may contribute to the development of the detachment fault, rock permeability, and water flow required for serpentinization (Section 6.3).
[34] The age of TAG mound $10 5 years is nearly the same as the lithospheric age [Lalou et al., 1995] . Therefore, the transformation strain of 20 to 40% can be interpreted as total strain rather than the strain increment. In the next section, we consider an example of transformation strain corresponding to the serpentinization increment that may be small compared to the overall serpentinization level.
Application to the Kyushu-Palau Subduction Zone
[35] Tahara et al. [2008] attribute the observed Quaternary uplift of the Miyazaki Plain (Figure 3 ) to the subduction of the Kyushu-Palau Ridge. They hypothesize that the Ridge might have been detached from the subducted slab below 30 km depth by some mechanism. They further conjecture that the subducting slab may steeply bend due to a loss of buoyancy beneath the Kyushu Island [Tahara et al., 2008, Figures 2 and 8] causing the detached Kyushu-Palau Ridge to move upwards [Tahara et al., 2008, Figure 14b ]. Based on this argument, Tahara et al. [2008] suggest that relatively low density materials of the Kyushu-Palau Ridge might have caused the significant aseismic crustal uplift of $120 m during the past $120 thousand years at the Miyazaki Plain.
[36] While buoyancy may indeed be an important factor for the crustal uplift observed on the Miyazaki Plain, an alternative and somewhat simpler mechanism could be the volume expansion in the serpentinized regions identified by seismic studies [see Tahara et al., 2008, and references therein] . In this scenario, the crustal uplift may have resulted from the serpentinization of mantle rock in the inclined region beneath the Miyazaki Plain and, perhaps, in a subhorizontal region located near the base of the crust west of the subducted Kyushu-Palau Ridge (see Figure 3) .
[37] A serpentinized region in the mantle forearc beneath the Miyazaki Plain is consistent with seismic data [Tahara et al., 2008; Saiga et al., 2010] suggesting an elevated Poisson's ratio (Figure 3 ). Serpentinization likely occurs as water fluxed from the downgoing slab and sediments ascends to the forearc [e.g., Hyndman et al., 1997] . Thermal modeling suggests that maximum temperatures are 350-400 C in the region beneath Hyuganada [Hyndman et al., 1995] , which is favorable for serpentinization. Hence, based on the seismic data presented by Tahara et al. [2008] and Saiga et al. [2010] , a 2-D elliptical inclusion could be used to model this region (Figure 3) .
[38] The nature of the sub-horizontal low-velocity, nearnormal or low Poisson's ratio region A (Figure 3 ) is less clear. Saiga et al. [2010] conclude that ratio V p /V s of P-and S-wave velocities is low in this region. They hypothesize the accretion of low-density rocks (of a detached KyushuPalau Ridge) at the bottom of the crust at the depth of $30 km beneath the Kyushu Mountains [Saiga et al., 2010, Figure 15] . Tahara et al. [2008] offer a similar explanation. Because the mechanisms of mantle hydration in the subhorizontal region is not obvious [Salah and Seno, 2008] , we consider below both possibilities of ongoing (but small) and absent serpentinization in this region. We represent the subhorizontal ellipse shown in domain A in Figure 3b by a 3-D ellipsoidal inclusion (oblate spheroid).
[39] We assume the characteristic inclination b ≈ 25 of the inclined region and its characteristic size (in the vertical cross-section) of 2a 1 $ 40 km. The sub-horizontal region appears to be somewhat larger (Figure 3b ), so we assume 2a 2 $ 60 km. We finally assume that both regions are located approximately at the same depth of h $ 30 km and have the same cross-sectional area, which results in the thicknesses of 2b 1 $ 15 km and 2b 2 $ 10 km for the inclined and subhorizontal inclusion, respectively (Figure 3b) .
[40] Figure 9a shows the individual uplift distributions above the horizontal (red dashed line) and inclined (b = 25 , blue solid line) elliptical inclusions with such parameters (Figure 9b) . From the solution discussed in Section 3, one can compute stresses and displacements not only for a single elliptic inclusion, but also for multiple inclusions in the half-space as long as inclusions do not overlap and do not intersect the half-space boundary. This superposition is also permissible for a combination of 2-D (inclined) and 3-D (sub-horizontal) inclusions (Figure 9b) .
[41] The combined uplift caused by both inclusions (black dashed line in Figure 9a ) is significantly more uniform than the uplifts that would have been caused by each inclusion separately (solid red and blue lines in Figure 9a) . A transformation strain of ɛ 0 = 3%, used for calculations shown in Figure 9 , generates uplift close to the detected $120 m of the Quaternary uplift of the Miyazaki Plain and the mountain range at central part of the Kyushu Island (west of the Miyazaki Plain in Figure 3) . The horizontal extent of the uplifted region is $10 2 km (Figure 9a ), which is consistent with the scales of topographical features on the Kyushu Island. Because the inclined inclusion is sufficiently deep (h/a 1 = 1.5), the difference between the exact solution (blue solid line in Figure 9a ) and that for the equivalent cylinder (blue dashed lines in Figure 9a ) is negligible. For the 3-D sub-horizontal inclusion, h/a 2 = 1. Since the interaction between the inclusion and the surface is weaker in 3-D than in 2-D, we used the equivalent sphere (or point source) solution to plot the surface displacement caused by the subhorizontal inclusion (red dashed line in Figure 9b ). Because the surface displacements decay faster in 2-D than in 3-D with the increasing distance from the inclusion, the subhorizontal inclusion does not significantly affect the surface ) and sub-horizontal regions are modeled by a 2-D elliptic inclusion and a 3-D oblate spheroid, respectively, centers of which are located at the depth of h = 30 km. The inclusions have the thickness of 2b 1 = 15 km and 2b 2 = 10 km, respectively, and they have the lengths of 2a 1 = 40 km and 2a 2 = 60 km. They can be viewed as representing the sub-horizontal region A and inclined region B in Figure 3b . The coordinate set X, Y is shown by the thin green lines with X-axis along the major axis of the inclined inclusion and parallel to the upper boundary of the subducting plate (and slip zone). Bold orange dashed line indicates the aseismic slip zone shown in Figure 3a uplift of the Miyazaki Plain (i.e., above the inclined inclusion). In contrast, the 2-D-like inclined region contributes nearly 30% of the uplift of the Kyushu Mountains above the sub-horizontal low-velocity region. We are not aware of uplift data north of the Miyazaki Plain, but it would be informative to compare the prediction of our model to the actual uplift in the coastline area east of the Kyushu Mountains. Since the sub-horizontal inclusion would not significantly affect the uplift there, we expect uplift in the range of $10 2 m.
[42] We note that the uplift associated with serpentinization occurs over $120 ka whereas subduction has been occurring for more than 10 Ma [Seno and Maruyama, 1984] . Hence, the serpentinization process may be viewed as incremental. That is, ɛ 0 = 3% may be a Dɛ 0 superimposed on previous serpentinization processes. The inferred larger value of Poisson's ratio in this region would not necessarily be inconsistent with a 6% increment in the amount of serpentinization occurring in the past 120 ka. On the other hand, in the region beneath Northern Kyushu, elevated Poisson's ratio above the subducting slab may be a result of fluid-filled cracks induced by the slab dehydration [Salah and Seno, 2008] . In this case, the total level of serpentinization may be small (e.g., several percent) and only slightly contribute to an elevated value of Poisson's ratio.
[43] Similarly, ratio V p /V s in the sub-horizontal, lowvelocity region, identified by Saiga et al. [2010] beneath the Kyushu Mountains (Figure 3b ), may be relatively low because the serpentinization in this region does not exceed a few percent. The aseismic uplift of the Kyushu Mountains appears to be ongoing over the last 2 Ma [Kamata and Kodama, 1999; Saiga et al., 2010] . If during this time period, the uplift has been primarily caused by the serpentinization processes, the total level of serpnetinization in the low-velocity region A in Figure 3b is unlikely to exceed several percent in order to be consistent with the uplift of $10 2 m. Our results, therefore, may help to constrain the level of serpentinization in this region.
[44] In general, the geological situation near Kyushu Island is quite complicated (e.g., Figure 3 ) and other mechanisms may be contributing to the ongoing crustal uplift. Yet our simple elastic model appears to adequately describe the uplift magnitude, and it is consistent with the geological structure inferred from the seismic data as well as with available data on the Quaternary crustal uplift determined from the shoreline heights [Shimoyama et al., 1999; Nakada et al., 2002] . The required serpentinization strain increment of 3% is much smaller than in the TAG salient case (Section 4.2), and could be more consistent with the assumption of linear elastic model.
Localized Failure Associated With Serpentinization
[45] In previous sections we focused primarily on the uplift associated with a serpentinized region at depth by calculating the elastic strains caused by subsurface inclusions of different shapes. The formulation of the problem in this manner also allows elastic stresses and strains to be determined everywhere in the half-space. In the case of large transformational strains, such as may be associated with the anomalous topography at the TAG hydrothermal field, faulting and fracturing may occur in addition to simple surface deformation and uplift. The pattern of faulting and/or fracturing that might occur is likely to depend on the shape of the inclusion even though the surface uplift may not. Although large-strain and failure-based analyses may provide better constraints on the geometry of the serpentinized region at TAG, we further use the linear elastic model (Sections 2 and 3) to estimate the effect of serpentinization on faulting underneath the TAG region. On the other hand, only relatively small 3% transformational strain increment associated with serpentinization appears to be required to explain uplifts of the Miyazaki Plain and Kyushu Mountains (Figures 3 and 9 ). For such small strains, the elastic theory presented here is more likely to be adequate.
Failure Criterion
[46] To first order, the effect of serpentinization on the tendency of the fault to slip could be considered based on the Mohr-Coulomb criterion [e.g., Jaeger et al., 2007] . The simplest approach would be to neglect the effect of the fault itself on the deformation and assume that stress changes resulting from serpentinization develop on the background of existing tectonic stresses. This is similar to describing the tendency of the fault to become unstable as a result of petroleum production [e.g., Segall and Fitzgerald, 1998; Rudnicki, 1999; Chanpura and Germanovich, 2004] where the petroleum reservoir deforms in response to changing pore pressure and causes the stress state to deviate toward or away from failure. Here we use a similar approach considering failure along the identified fault plane or slip zone.
[47] According to the Mohr-Coulomb criterion, the approach of the stress state on a fault plane toward the failure envelope can be described by the Coulomb stress
where t 0 is the background (initial) tectonic shear stress on the fault plane, Dt XY and Ds YY represent changes of the shear and normal stress components on the fault plane, respectively, Dp is the pore pressure change, and compressive stresses are negative. In all examples below, X-axis is aligned along the long axis of the elliptic inclusion ( Figure 5 ) and is parallel to the fault or slip zone (e.g., Figure 9b ). In general, in the normal faulting regime, t 0 < 0 if 0 ≤ q < p/2 while t 0 > 0 if p/2 ≤ q < p, where q is the fault (X-axis) angle in the counter-clock direction with respect to the horizontal (x-axis) (q = b in Figure 5 ). The reverse faulting regime is characterized by t 0 > 0 if 0 ≤ q < p/2 and t 0 < 0 if p/2 ≤ q < p. This is equivalent to the usual sign convention for shear stress such that it is positive when it gives rise to a couple on the plane in the clockwise direction [e.g., Timoshenko and Goodier, 1970] . We assume here that the stress changes do not reverse the fault slip direction, so that the quantity sign (t 0 )Dt XY in (15) is positive in the direction of fault slip.
[48] In various forms, the Coulomb stress concept has been employed in many earthquakes studies [e.g., King et al., 1994; Rice, 2002, 2003; Smith and Sandwell, 2003; Steacy et al., 2005; Ryder et al., 2012] . The sign of DT characterizes whether the stress state moves closer toward or further away from the failure surface. The stress change has a tendency to destabilize the fault when DT > 0. In this case, the stress state moves closer to failure. Note that except for the general information on the nature of the regional stress regime (normal faulting or thrust), DT in (15) does not require knowing the initial stresses and only the sign of t 0 is required. Because (15) reflects stress increments, rather than their absolute values, the Coulomb stress on the pre-existing fault is only affected by the friction angle, while cohesion of the fault material is not present in (15) (as long as it does not change as a result of deformation).
Serpentinization and Faulting at the Miyazaki Plain Region
[49] The serpentinization of the forearc mantle may have important tectonic implications [e.g., Hyndman et al., 1997; Seno, 2005; Kirby et al., 1996] . In particular, Tahara et al. [2008] argue that the well-developed serpentinized mantle wedge may be a plausible cause of aseismic slip and relatively low maximum magnitude of events in the Hyuganada region. In the Kyushu-Palau subduction zone, the Philippine Sea Plate converges under the Eurasia Plate, which corresponds to a thrust-type tectonic regime in slip zones (Figure 3a) detected by Yagi and Kikuchi [2003] . Along the coastline of eastern Kyushu, the depths of Moho discontinuity and the surface of the subducting slab are about 30 km and 40 km, respectively [e.g., Tahara et al., 2008] . The detected region with high Poisson's ratio (Figure 3 ) is situated along the upper boundary of the subducting slab [Tahara et al., 2008; Saiga et al., 2010] . In the Kyushu-Palau subduction zone, most of the interplate, thrust-type earthquakes occur near this boundary [Yagi and Kikuchi, 2003; Salah and Seno, 2008] . Hence, in our simplified model (Figure 9b ) of the Miyazaki Plain situation, the slip zone (bold orange dashed line) is located just below the inclined serpentinized inclusion (solid blue line). In general, an inclusion at the hanging wall of a thrust fault (considered in this section) and the Francis's scenario (Figure 1a ) of the serpentinization domain at the footwall of a normal fault (considered in Section 5.3) represent two end-members.
[50] Figure 10a shows changes of the normalized shear, Dt XY /A (red line), and normal, Ds YY /A (blue line), stresses on the upper boundary of the subducting Phillipine Sea Plate (or aseismic thrust zone shown by bold orange dashed line in Figure 9b ) that underlines the serpentinized domain beneath the Miyazaki Plain ( Figure 3) . As above, this domain is represented by the inclined elliptic inclusion in Figure 9b , and the axis X of the rotated coordinate set (thin green lines) is parallel to "fault plane" and coincides with the axis of the inclined domain in Figure 9b . The stress distributions in Figure 10a are almost symmetric with respect to X = 0 because of the weak interaction with the sub-horizontal serpentinization domain (Figures 3b and 9b ) and with the Earth surface, y = 0. Dotted lines show the stresses on the same fault (slip zone) in the absence of the sub-horizontal domain. The interaction is weak because the inclined inclusion is relatively deep (h/a 1 = 1.5) and because the sub-horizontal inclusion is three-dimensional, so its effect on the stress state decays as the inversed cube of the distance from the inclusion center. This is why in Figure 10a , the dotted lines almost coincide with solid lines (showing stresses when both inclusions are present), which suggests that the effect of the sub-horizontal inclusion on the stress state is indeed small. Figure 10a shows stress distribution in cross-section RR′ (Figure 3a) , where the effect of the sub-horizontal inclusion is the strongest. Away from this cross-section, for example along line BB′ in Figure 3a , the interaction between the inclusions is even weaker, so the model of a single 2-D inclined inclusion appears to be adequate. Hereafter, we use the characteristic stress A in equation (9) for normalizing stresses. This is convenient because A is independent of the inclusion dimensions. In addition, Figure 10 . (a) Shear (red lines) and normal (blue lines) stress changes on the slip zone (bold orange dashed line in Figure 9b ), which underlies the inclined serpentinized domain (solid blue line in Figure 9b ). Stresses are normalized by the mean stress (equation (9)) that would be caused by the same transformation strain inside the same inclusion if it were located in the infinite plane. Solid lines correspond to the case of two inclusions while dotted lines show the stresses along the slip zone without taking into account the subhorizontal domain. (b) Distribution of the normalized Coulomb stress, DT/A, along the slip zone. Skempton coefficients B = 0 (red line) and B = 1 (blue line) correspond to two limiting cases of the drained and (strongest possible) undrained deformations, respectively. Coordinate X (Figures 5  and 9b ) is parallel to the slip zone and normalized by the major semi-axis, a 1 , of the inclined ellipse.
because A is also proportional to ɛ 0 , the normalized stresses in Figures 10a and 10b are independent of the transformation strain.
[51] The distribution of the corresponding normalized Coulomb stress, DT/A, on the fault plane is given in Figure 10b . The pressure change Dp in equation (15) was estimated using the Skempton relation for a poroelastic material Dp = ÀBDI 1 /3 [e.g., Detournay and Cheng, 1993] , where B is the Skempton coefficient and DI 1 = s xx + s yy + s zz is the first stress invariant. In the case of inclined inclusion, expressions (5), (6), (7), and (11) were used to determine transformation stresses s xx and s yy , and the plane strain relation s zz = n(s xx + s yy ) À Eɛ 0 /3 [e.g., Timoshenko and Goodier, 1970] between the stresses was used to evaluate s zz . The contribution of the sub-horizontal inclusion to DI 1 was computed based on the axisymmetric solution of Mindlin and Cheng [1950] .
[52] In general, the Skempton coefficient B ranges between the thermodynamic bounds of 0 and 1 [Detournay and Cheng, 1993] . The case of B = 0 (red line in Figure 10b ) corresponds to the drained case, when the fluid pressure does not change as the transformation strain is accumulated. The case of B = 1 (blue line in Figure 10b ) represents another extreme of the (strongest possible) undrained deformation. The limited available data suggests that the Skempton coefficient is in the range of 0.5-0.9 for igneous rocks [Detournay and Cheng, 1993] . We are not aware of data for the Skempton coefficient for metamorphic rocks, but in any event, the Skempton relation characterizes the undrained response of the pore pressure to stress changes (unless B = 0). It is often used for computing Coulomb stresses in earthquake studies [see, e.g., Cocco and Rice, 2002, and reference therein], when the rock loading is relatively fast. For much slower deformational processes associated with serpentinization reactions, one need to evaluate the relative timescales of stress change and pressure dissipation. Although the drained response is probably more realistic, in Figure 10b and further in the paper we present both end-member cases of B = 0 and B = 1.
[53] Values of the friction coefficient typically used in calculations of the Coulomb stress range between 0.6 and 0.8 [Cocco and Rice, 2002] . Because serpentine has a reduced friction coefficient ($0.2 according to Escartin et al. [1997a Escartin et al. [ , 1997b Escartin et al. [ , 2001 ), even partially serpentinized material may considerably decrease the friction coefficient in the slip zone. For Figure 10b and below, we used a conservative value 0.7, which is consistent with Byerlee's [1978] law.
[54] As can be observed from Figure 10b , the difference between the Coulomb stresses computed in the drained (B = 0) and undrained cases (B = 1) is not very significant. In both cases, the stress change, caused by the serpentinization, is favorable for fault slip and seismic events approximately at X > 0 (the coordinate set is shown in Figures 5 and 9b) where DT > 0. The positive sign of the shear stress change in Figure 10a (red line) is consistent with the thrust-typetectonic shear stresses near the aseismic slip zone in the KyushuPalau subduction zone (blue line in Figure 8 ). At approximately X > 0, DT < 0, and the stress changes are not favorable for thrust-type events in this part of the slip zone. Therefore, our results indicate a possibility of serpentinization-related strengthening (DT < 0) of the slip zone X < 0 below the central part of the serpentinized domain where the slip zone "touches" the serpentinized domain. Above this place, there is a tendency for serpentinization-enhanced weakening (DT < 0 and Dt XY > 0) of a significant part X > 0 of the slip zone.
[55] It is important to emphasize that the faulting and fracturing activity in slip zones may be related to other subduction processes rather than to serpentinization of the mantle wedge. Also, we computed Coulomb stresses on a specified plane of the potential slip. Instead, Coulomb stress changes can be computed on optimally orientated planes, which presumes that the faults with highest DT will be most likely to slip [e.g., King et al., 1994] . The elongated inclined inclusion (Figures 3 and 9) generates tensile stress changes in the surrounding material in the direction parallel to its long axis and compressive stress changes in the perpendicular direction. Because of a relatively mild inclusion inclination (25 ), this corresponds to promoting normal-fault events in the region below the serpentined domain. This is consistent with seismic observations of Tahara et al. [2008] who note that intraplate earthquakes associated with normal faulting occur in the Hyuganada region beneath where serpentinization may be occurring.
Effect of Serpentinization on Normal Faulting
[56] Francis [1981] proposed several scenarios of the effect of serpentinization on faulting. In the case of normal faulting, he suggested that, rocks beneath the footwall of a normal fault hydrate as a result of seawater infiltrating down the fault, so that serpentinization occurs generating more movement on the fault and uplift (Figure 1a) . To quantify this scenario, we consider its simplified version when a circular, serpentinized inclusion is located at the footwall of a normal fault (Figure 11a ). Shear (black dotted line), normal (green dashed line) and Coulomb (solid lines) stresses, normalized by A, are shown in Figure 11b . The stresses are plotted along the part of the normal fault shown in Figure 11a by the red dashed line. In general, above the serpentinized domain, Coulomb stress on the fault is positive whereas the shear stress is negative (Figure 11b ). The latter is consistent with the direction of slip on a normal fault. Consequently, the serpentinization process would tend to enhance the slip on this part of the fault, and, in turn, fault slip may enhance the access of water required for the serpentinization reactions.
Serpentinization and Detachment at TAG
[57] We note again that the small-strain elastic consideration such as in Figures 10 and 11 is only applicable to small transformation strains, probably, no more than a few percent. This is why we do not consider here larger strains such as expected in the TAG region (Section 4.2) and for which large-strain elastic or inelastic considerations would be more appropriate. Instead we consider an increment, Dɛ 0 , of the transformation strain on the background transformation strain, ɛ 0 , that may be happening beneath the TAG field. Assuming that small Dɛ 0 causes small stress increments, we treat them as being elastic and employ equations (5)- (11), where we replace ɛ 0 with Dɛ 0 .
[58] Figure 12a shows a simple model of serpentinization at the footwall of a TAG-like detachment fault. We use the same geometry of the elliptical inclusion as in Figure 7b .
That is, the inclusion center is at the depth of h = 1.6 km and its axes are 2a = 4 km and 2b = 0.8 km. As discussed in Section 4.2, massive serpentinization (ɛ 0 ≈ 40%) in the 3-D elastic domain is required to cause the observed uplift at TAG (Figure 2 ). Here we consider a 2-D inclusion, elongated horizontally along the detachment fault, and analyze the possible effect of serpentinization on both the detachment fault and on normal faults that are typically associated with detachment faults [e.g., Buck, 1988; Lister et al., 1986] and appear to be present at the TAG area . Examples of such normal faults are shown in Figure 12a by three parallel lines inclined at the angle of q = 70 to the horizontal and connecting the seafloor with the detachment fault. We ignore the effects of the irregularities caused by the faults at the seafloor.
[59] In the extreme case of the strongest Skempton effect (B = 1), Coulomb stresses (not shown in Figure 12b ) are positive on all three normal faults. Shear stresses (solid lines in Figure 12b ) are negative everywhere on the normal faults. Hence, the serpentinization would tend to bring the faults closer to failure because the negative sign of shear stresses is consistent with slip direction on the normal fault (t 0 < 0 for 0 ≤ q < p/2). In another extreme case, Skempton coefficient B = 0. Then, Coulomb stresses (dashed lines in Figure 12b ) may become negative on deeper normal faults, but are still positive on the shallowest normal fault shown on the right in Figure 12a . A real situation would be somewhere in between, although B = 0 is probably more realistic for TAG conditions.
[60] This analysis indicates that serpentinization in a relatively shallow domain at the footwall of a detachment fault tends to enhance the permeability of some overlying normal faults (Figure 12a ) and the detachment fault itself. Hence, normal faulting may provide pathways for water needed for serpentinization reactions. Similar computations for the detachment fault suggest that for entire range of the Skempton coefficient (0 ≤ B ≤ 1), serpentinization tends to enhance the slip on the detachment fault above the upper half of the serpentinized inclusion (see also Francis's [1981] and scenario in Figure 11 ). This is why shallower normal faults (such as the normal fault on the right in Figure 12a ) and the to the horizontal) associated with the detachment fault. The inclusion is located at the depth of h = 1.6 km and has axes of 2a = 4 km and 2b = 0.8 km. (b) Coulomb (solid lines) and shear (dashed lines) stresses (normalized by A) on the normal faults that shown in Figure 12a by lines of the same colors. Orange, green, and black lines correspond to the left, middle, and right faults in Figure 12a , respectively. Calculations were done for both B = 1 and B = 0, but only the results for drained conditions (B = 0), which is probably more realistic for TAG, are shown. Shear stress is independent of B. For each normal fault, coordinate X (gray dashed line) is directed along the fault plane with its zero being on the seafloor. detachment fault itself may be important water pathways for keeping the serpentinization process going.
[61] Our model also suggests that serpentinization at TAG promotes slip on the deep normal fault (not shown in Figure 12a ), which accommodates the lithospheric extension and may be focusing deep hydrothermal fluids . The lithospheric extension is also accommodated on two antithetic normal faults [deMartin et al., 2007, Figure 2b ], but the serpentinization-induced shear is not consistent with normal faulting and is not likely to enhance the slip on these faults.
Discussion
Effects of Depth and Shape of Serpentinized Domain on Seafloor Uplift
[62] While interior displacements caused by a point dilation source differ from those due to a spherical inclusion in the elastic half-space, the surface displacements are identical and expressions (3) give the exact solution for both cases. Similarly, solution (4) for the surface displacement caused by the circular (cylindrical) inclusion is the same as that for the 2-D point (line) source in the elastic half plane. Hence, as far as the surface uplift is concerned, both spherical and circular cylindrical inclusions in the half-space can be represented by a point source (3-D or 2-D, respectively) regardless of their depth. This is not the case for inclusions of other shapes.
[63] When the inclusion depth, h, is of the order of its size, 2a, or greater, the resulting surface uplift is relatively insensitive to the shape and orientation of inclusions with the same volume (Section 4.1). In general, it is well known that asymptotic solutions may be applicable even when asymptotic parameters are not necessarily small or large. In particular, this has been observed in solutions for surface subsidence caused by horizontal tunnels [Pinto and Whittle, 2006; Puzrin et al., 2012] , for surface uplift caused by a pressurized magma chamber [Segall, 2010] , and for fractures interacting with a body boundary [e.g., Dyskin et al., 2000] . For example, McTigue [1987] considers a pressurized, spherical magma chamber in an elastic half-space and represents the surface uplift as a series of powers of a/h, where a is the chamber radius and h is its depth. The leading-order term in his expression for the surface uplift is proportional to (a/h) 3 and recovers Mogi's [1958] point dilatation model. The second, higher order term accounts for the cavity size, but this correction is rather weak, of the order of (a/h) 6 . This result allowed McTigue's [1987] to explain why Mogi's [1958] approach works reasonably well even when a/h is close to 1.
[64] A similar argument applies for the stress-strain state perturbed by the inclusion considered in this work. For example, when a 2 À b 2 ≪ h 2 , the fraction term in (14) is small, so (12) can be written as uðx; 0Þ þ iwðx; 0Þ ¼ 2ab ɛ 0 ð1 þ nÞ 3 , respectively. Hence, in both cases the correction is two orders higher in the powers of ɛ. For all computations in this work we used the exact solution (13) rather than its asymptotic expansion (16). The latter helps, however, to show why the source solution (4) works well even when ɛ is not considerably smaller than one.
[65] In 3-D, the difference between the point-source solution [Mindlin and Cheng, 1950; Mogi, 1958] and its main correction is three orders [McTigue's, 1987] rather than two orders (in powers of ɛ) in 2-D. Hence, the effect of the free surface and inclusion shape is weaker in three-dimensional geometries than in two-dimensional. We used this observation in Sections 4.2, 4.3, and 5.2.
[66] Currently, the existence of serpentinized mantle associated with the subduction of the oceanic crust is inferred from seismic tomography data [Salah and Seno, 2008; Hyndman and Peacock, 2003] such as the downdip limit of interplate thrust earthquakes [e.g., Hyndman et al., 1997] , intraslab earthquakes within the crust part of the subducting slab [e.g., Seno, 2005] , low-frequency tremors in the forearc [Seno and Yamasaki, 2003; Matsubara et al., 2008] , and from the V p / V s ratio obtained by seismic tomography [Salah and Seno, 2008; Tahara et al., 2008] . Our results indicate that uplift data may provide an additional constraint on inferring serpentinization from geological and seismological observations.
Tensile Fracturing
[67] Based on the Eshelby [e.g., Jaswon and Bhargava, 1961] or Mindlin and Cheng [1950] solutions among others, it is expected that tensile stresses could be generated in the material surrounding a dilating body. Tensile stresses may induce or enhance tensile fracturing in rock because typically tensile strength of rocks is relatively low [e.g., Jaeger et al., 2007] . In the context of this work, tensile fractures could enhance rock permeability providing better water access to the serpentinizing body. As an example, we evaluate the stress state near the seafloor. Because at or near the free surface, s yy and t xy stress components are zero or small due to the boundary conditions, we concentrate on the normal stress s xx .
[68] This stress can be easily computed using the exact solution (13). To simplify analysis, however, we follow the above consideration for displacements, and consider a deep inclusion. Similar to (17), when a 2 À b 2 ≪ h 2 , equation (18) can be written as
where S = pab is the domain cross-sectional area and the small parameter ɛ = (a 2 À b 2 )
1/2 /h is the same as in (16). Expression (17) can also be obtained by the integration of the Mindlin and Cheng [1950] 3-D source solution and represents its 2-D equivalent. Numerical comparison of (17) and (13) shows that in general, asymptotic expression (17) deviates considerably from the exact solution (13) only when the inclusion depth becomes smaller than its size.
[69] We see from (17) that s xx > 0 (i.e., tensile) if Àh < x < h. In other words, the volumetric extension in a relatively deep (i.e., a 2 À b 2 ≪ h 2 ) serpentinization domain may promote tensile fracturing on or near the seafloor just above the domain and regardless of its shape. We note that Karson and Rona [1990] and Bohnenstiehl and Kleinrock [2000] observed open fissures on the ocean floor in the vicinity of the active hydrothermal mound at the TAG area. While not necessarily created by the serpentinization transformation strain, location of the fissure zone is consistent with our results. Indeed, the fissure zone is located on the hanging wall of the detachment fault and above the possible serpentinization domain inferred by Palmer [1996] and deMartin et al. [2007] from vent chemistry and seismic observations.
Fluid Flow and Heat Transfer
[70] The exothermic character of serpentinization reactions [Fyfe and Londsale, 1981; Macdonald and Fyfe, 1985] and the chemical signatures associated with serpentinization reactions [Janecky and Seyfried, 1986; Berndt et al., 1996; Allen and Seyfried, 2004] may provide controls on both physical and biogeochemical aspects of seafloor hydrothermal activity. This is especially relevant at slow-spreading ridges where the magma budget is low [Lowell and Rona, 2002; Rona, 2008] .
[71] The models described here do not include the dynamical processes of fluid and heat transfer associated with large scale serpentinization. As a result of volume expansion associated with serpentinization, permeable pathways may tend to close. However, as transformational strains grow, the stresses generated are likely to generate new permeable pathways for fluid to access fresh rock. This may be especially relevant when serpentinization occurs near an active fault such as the detachment fault at TAG or Atlantis Massif [Boschi et al., 2006] .
[72] To obtain a rough estimate of the rate of serpentinization and the potential for exothermic heat release to impact hydrothermal temperatures, we consider the results for the topographic salient at TAG discussed in Section 4.2. The rate of serpentinization _ M is given by
where r r ≈ 2500 kg/m 3 is the density of serpentine, V is the volume of the body undergoing serpentinization, f is the fraction of the body that has been serpentinized, and t is the time over which reaction occurs. For example, if the TAG salient (Figure 2 ) is the result of serpentinization of ≈40% of a 25 km 3 volume over 10 5 years (here, f = 40% corresponds to ɛ 0 ≈ 20% in Figure 7) , expression (18) results in _ M ≈ 10 kg/s. Following Lowell and Rona [2002] , the temperature change DT s associated with serpentinization during hydrothermal flow can be determined approximately from the heat balance expression
where g is the latent heat released during serpentinization, Q is the total hydrothermal mass flow through the system, Q s $ 0.1 _ M (see below) is the mass inflow of water absorbed in the serpentinization reaction to support the rate _ M , and c f and c r are the specific heats of the fluid and rock respectively. The hydrothermal heat flux at TAG is approximately 1700 MW [Wichers et al., 2005] and with a mean black smoker temperature of 365 C , this results in a mass flow rate Q ≈ 930 Kg/s. Substituting this value of Q into equation (19) along with values of g and specific heats from Table 1 shows that the temperature increase resulting from serpentinization is <1 C. The small transformation (thermoelastic) strains that would be associated with these small temperature changes are negligible compared with the strains associated with the serpentinization process itself. The domed salient or projection in the east wall of the axial valley beneath the most active part of the TAG hydrothermal field occurs in the hanging wall of the detachment fault zone above a serpentinized body inferred to occur beneath the underlying footwall (Figures 2 and 12a) . The small scale of this feature suggests that it is not likely a result of flexure of the lithosphere, nor does the salient appear to be a volcanic construct.
[73] The solution for the uplift of the Miyazaki Plain is dominated by the two-dimensional, inclined inclusion with the area undergoing serpentinization of pa 1 b 1 =1885 km 2 ( Figure 9 ). In this case, f ≈ 6% of the region is serpentinized over 1.2 Â 10 5 years (f = 6% corresponds to ɛ 0 ≈ 3% in Figure 9 ). Assuming that the third dimension is at least L $ 100 km and using equation (18) to estimate the rate of serpentinization, we obtain _ M ≈ 8 Â 10 3 kg/s. Therefore, the rate of serpentinization at the Miyazaki Plain site is significantly greater than that at TAG. This is because the volume undergoing serpentinization is much greater than at TAG. The specific serpentinization rate (per rock unit volume) scales as _ M /V $ r r f/t, however, and this rate appears to be much greater for TAG ($10 À2 kg/(m 3 yr)) than for Miyazaki Plain ($10 À3 kg/(m 3 yr)). The strain and surface uplift associated with the heat release from serpentinization is therefore negligible compared with the transformation strain resulting from serpentinization.
[74] If we assume that approximately 1 mol of H 2 O is required to serpentinize each mole of peridotite [O'Hanley, 1992] , the rate _ M = 8 Â 10 3 kg/s would require a mass flow Q s ≈ 10 3 kg/s (i.e., Q s $ 0.1 _ M ). Presumably this water flux could be provided by dewatering of the subducting slab [Hyndman et al., 1997] . Because the throughput of fluid beneath the Miyazaki plain is unknown we provide an upper estimate of the thermal effect of serpentinization by assuming that the all available water is consumed in the serpentinizations reactions. This results in Q = 0 in equation (19), which then suggests that the latent heat release would raise the temperature of serpentinized rock by about g/(c r + 0.1c f ) ≈ 270 C. Incrementally serpentinizing ≈6% of the material beneath the Miyazaki Plain would result in DT s ≈ 16 C. For a characteristic value a $ 10 À5 1/ C of the coefficient of thermal expansion, the corresponding volumetric strain of thermal expansion is aDT s ≈ 0.02%. This is significantly smaller than the transformation strain of Dɛ 0 = 3% that corresponds to the 6% of the serpentinized material. In addition, because the rate of serpentinization per unit volume at the Miyazaki Plain is smaller than at TAG, its effect on the thermal regime is also likely to be small. While we recognize that there may be other factors contributing to the uplift, this result may provide an important constraint for modeling the interplay between the serpentinization and the water cycle in subduction zones [e.g., Rüpke et al., 2004] .
Conclusions
[75] In this paper, we calculated the transformation strain associated with spherically, cylindrically, and elliptically shaped inclusions in an elastic half-space to determine the resulting crustal deformation, stress change, and surface uplift. We showed that if the normalized depth, h/(2a) of the inclusion was greater than ≈0.75, the resulting surface uplift was relatively insensitive to the shape and orientation of inclusions with the same volume.
[76] Application of the results to explain the anomalous salient that extends 3.5 km westward from the east wall of the axial valley at the TAG hydrothermal field suggests that this feature may result from a serpentinized body at depth beneath the footwall of a detachment fault. Because the depth of the potential serpentinized region beneath the TAG hydrothermal field appears to be more than the inclusion size, the uplift profile is relatively insensitive to the exact shape of the serpentinized domain. Approximately 20% to 40% transformational strain is required to generate the observed uplift. Cracking associated with the expansion produced by the inferred serpentinization should generate a distinctive microseismic signature, which could be identifiable in the abundant ongoing microseismicity recorded in the TAG area . The rate of exothermic heat release needed to produce the serpentinized volume over $10 5 years is too small to significantly impact hydrothermal heat output at the TAG mound, except perhaps in the Low Temperature Zone (Figure 2) where it may contribute to ongoing diffuse flow.
[77] Application of the results to an uplift feature associated with the Kyushu-Palau subduction zone in the western Pacific suggests that approximately 3% transformational strain in an elliptically shaped serpentinized region of the mantle wedge near the subducted Kyushu-Palau Ridge may result in the observed uplift on the Miyazaki Plain. The rate of serpentinization needed to produce the uplift is ≈8 Â 10 3 kg/s, yielding fluid mass transfer rate of ≈10 3 kg/s. [78] Transformation strain affects the stress field in and around the region undergoing serpentinization. Our analysis, based on the Coulomb stress approach, suggests that serpentinization at the footwall of a normal fault [Francis, 1981] tends to enhance fault slip and, in turn, fault slip may enhance the access of water required for the serpentinization reactions. Serpentinization of a region beneath the footwall of the TAG detachment fault tends to enhance the slip along some overlying normal faults, which may then result in fluid pathways to the deeper crust to continue the serpentinization process and maintain the overlying hydrothermal system. Depending upon location, serpentinization at the hanging wall of a thrust fault, may result in serpentinization-related strengthening or weakening. Transformational strains associated with serpentinization underneath the Miyazaki Plain may promote thrust-type events in the aseismic slip zone near the upper boundary of the subducting Philippine Sea Plate.
[81] To find functions D(z) and P(z), we follow Ru [1999] and write conformal mapping w(V) in equations (6)-(8) as finite sum of N + 2 terms:
where z = w À1 (z), z 0 is a point located inside inclusion and designated as the inclusion "center," and l, c 1 , c 2 , … are complex coefficients. Choosing w(V) in this form allows treating many practically important inclusion shapes [e.g., Savin, 1970; Muskhelishvili, 1979] . Substituting z = w À1 (z) in equation (B3) and the result in equation (8) gives
Because on the boundary, |z | = 1, of the unit circle, z = 1/z, on the inclusion boundary, z = w(z) = w(1/ z) = w(1/w À1 ðzÞ). Therefore, function D(z), defined by (8), satisfies condition D(z) = z on the inclusion boundary. Ru [1999] used this condition to express two unknown stress functions through one auxiliary function D(z) (equations (6) and (7)). To find P(z), recall that this is the polynomial part of D(z) at infinity, where D(z) has a pole of degree N and can be represented as
Here a 1 , a 2 , … are complex coefficients that are determined by substituting (B3) in (B5) and comparing coefficients for different powers of z. Equations (B3) and (B4) only slightly differ from those studied by Ru [1999] in the case of a real coefficient l. Using complex l enables convenient consideration of an inclined elliptical inclusion.
[82] In the case of inclined elliptical inclusion, N = 1, l = e ib (a + b)/2, c 1 = e ib (a À b)/2, and (B4) reduces to which is equivalent to D(z) in (11) when z 0 = Àih is the coordinate of the inclusion center.
[83] As follows from the second equation in (10), or directly from (B3),
Hence, per equation (8), D(z) behaves at infinity as
and the polynomial P(z) with the same behavior at z → ∞ is defined by
This expression is identical to P(z) in (11) for z 0 = Àih.
[84] Substituting equations (B6) and (B7) into equation (B2), and taking into account that on the half plane boundary z = z = x, results in uðx; 0Þ þ iwðx; 0Þ ¼ 4ab
which is identical to (12), (14) when z 0 = Àih (Figure 5 ).
[85] Similar to (B2), stresses at the half plane surface y = 0 can be obtained by substituting z ¼ z ¼ x in (5)- (7) Second and third expressions in (B11) simply show that the boundary conditions on the half plane boundary y = 0 are satisfied, but the first one results in (13) when z 0 = Àih.
